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using D-penicillamine for efficient
methylammonium-free perovskite solar cells with
high operational stability†

Jianchao Yang,‡ab Weijian Tang,‡a Ruihan Yuan,a Yu Chen,a Jing Wang,c Yihui Wu,*a

Wan-Jian Yin, *c Ningyi Yuan, b Jianning Ding*bd and Wen-Hua Zhang *a

Trap-dominated non-radiative charge recombination is one of the key factors that limit the performance of

perovskite solar cells (PSCs), which was widely studied in methylammonium (MA) containing PSCs.

However, there is a need to elucidate the defect chemistry of thermally stable, MA-free, cesium/

formamidinium (Cs/FA)-based perovskites. Herein, we show that D-penicillamine (PA), an edible antidote

for treating heavy metal ions, not only effectively passivates the iodine vacancies (Pb2+ defects) through

coordination with the –SH and –COOH groups in PA, but also finely tunes the crystallinity of Cs/FA-

based perovskite film. Benefiting from these merits, a reduction of non-radiative recombination and an

increase in photoluminescence lifetime have been achieved. As a result, the champion MA-free device

exhibits an impressive power conversion efficiency (PCE) of 22.4%, an open-circuit voltage of 1.163 V,

a notable fill factor of 82%, and excellent long-term operational stability. Moreover, the defect

passivation strategy can be further extended to a mini module (substrate: 4 � 4 cm2, active area: 7.2

cm2) as well as a wide-bandgap (�1.73 eV) Cs/FA perovskite system by delivering PCEs of 16.3% and

20.2%, respectively, demonstrating its universality in defect passivation for efficient PSCs.
Introduction

Lead halide perovskite materials have recently demonstrated
great potential in solar cells.1 The highest laboratory power
conversion efficiencies (PCEs) of perovskite solar cells (PSCs)
have been risen to over 25%.2 To date, methylammonium (MA)
containing perovskites are widely employed as light-absorbers
for the majority of the highly efficient PSCs.1d,3 However, the
presence of MA is considered to be one of the main factors that
limit the long-term stability of PSCs, because MAPbI3 is ther-
mally unstable and decomposes at elevated temperature (e.g.,
�85 �C).4 Alternatively, a formamidinium (FA) based perovskite
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was employed to counter these issues due to its improved
thermal stability (up to 150 �C) along with its favorable optical
bandgap (1.48 eV) for absorbing solar irradiation.5 However,
other ions, such as MA+,1d Cs+ (Rb+),4 as well as low-dimensional
perovskites,6 are still required to stabilize the photoactive black
a-FAPbI3.7 The development of MA-free (where it refers to not
only the resultant perovskite lm, but also the precursor solu-
tion), Cs/FA perovskites is potentially an effective strategy to
address the intrinsic thermal instability related to perovskite
materials.8 Beneting from their excellent thermal and opto-
electronic properties, the Cs/FA based PSCs have recently
gained increasing attention.9 A variety of approaches, such as
heterojunction engineering,9c,10 interfacial modication9a,11 and
crystallization tailoring9b have been carried out to improve the
device performance. The highest efficiency of 22.2% has been
most recently reported by constructing a graded two-
dimensional/three-dimensional (2D/3D) perovskite hetero-
structure for the Cs/FA-based PSCs (the recent progress in MA-
free, Cs/FA-based PSCs with normal structures is summarized
in Table S1, ESI†).9c Nevertheless, compared to the highly effi-
cient MA-containing perovskite device, it is still necessary to
deeply understand the fundamental physicochemical proper-
ties and to further elevate the performance of Cs/FA-based PSCs.

The defect chemistry of perovskites is an important issue in
affecting the performance of PSCs.12 Defects in the perovskite
lms are reported to be charged due to their ionic nature.13 In
particular, point defects such as halide anion vacancies and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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organic cation vacancies are easily formed in perovskite mate-
rials because of their low formation energies. These electronic
traps are distributed at the surface and grain boundaries, or in
the bulk of the perovskite lms, thereby providing additional
energy levels that act as recombination centers in the perov-
skites. Electronic traps are the origin of non-radiative recom-
bination that tend to limit the open-circuit voltage (VOC),4,5,14

and also cause rapid decomposition of the perovskite absorber;
this is because they present an initiation site for degradation by
extrinsic environmental species.13a Therefore, passivating the
charged defects in perovskites using electrostatic interactions
or chemical interactions can suppress charge-carrier recombi-
nation and is vitally important for high-performance PSCs.
Tremendous efforts have been devoted to control and mitigate
defects in perovskites.12,13 For example, introducing excess MA/
FA or iodine ions to the precursor has been demonstrated to be
an effective method for suppressing organic cation or halide
anion vacancies.15 The ionic nature of perovskites also enables
defect passivation based on Lewis acid–base chemistry using
functional molecules containing carbonyl, sulfonic acid, and
quaternary ammonium groups.16 Huang et al. employed choline
chloride to passivate both the negative and the positive charged
defects by quaternary ammonium and halide ions, respec-
tively.12 A simultaneous passivation of anion and cation vacan-
cies can also be achieved by uoride, attributable to the
extremely high electronegativity of uoride by forming
hydrogen bond with –NH3 and ionic bond with Pb2+.13a

However, most of these studies have focused on defect passiv-
ation in MA-containing high-efficiency perovskite systems, and
research on the defect chemistry in thermally stable, MA-free,
Cs/FA-based perovskites has rarely been reported.

Herein, an edible antidote, D-penicillamine (PA) with triple
functional groups (thiol (–SH), carboxylic (–COOH), and amine
(–NH2)), is introduced to passivate the charged traps in an MA-
free, Cs/FA double-cation lead halide perovskite lm (with the
composition of Cs0.15FA0.85Pb(I0.95Br0.017Cl0.033)3). PA is a strong
chelating agent and has been widely adopted in treating heavy
metal toxicity in medicine, because it is safe for humans and
can react with the majority of heavy metal ions, particularly
those with an affinity for sulfur.17 Therefore, on one hand, the
incorporation of PA effectively immobilizes the uncoordinated
Pb2+ (iodine vacancy) by coordination with –SH and/or –COOH
functional groups, which hence suppress the formation of
metallic Pb defects and reduce non-radiative recombination.
On the other hand, the crystallinity of the perovskite lm is also
improved, and a considerably increased photoluminescence
lifetime is observed. Beneting from these merits, a VOC of
1.163 V (with VOC loss of only 0.4 V) and a ll factor (FF) of 82%
are ultimately obtained for the n–i–p structured planar PSCs,
which is superior to those of the control device (VOC ¼ 1.116 V,
FF ¼ 78%). The champion device gives a PCE of 22.4%, a very
impressive efficiency for the MA-free, Cs/FA based PSCs re-
ported to date. Meanwhile, the PA passivated device exhibits
excellent long-term stability, retaining more than 95%, 88%,
and 82% of the initial efficiencies aer one year of storage in the
dark, 260 h of maximum output power point tracking under �1
sun illumination, and 1200 h of thermal aging at 85 �C,
© 2021 The Author(s). Published by the Royal Society of Chemistry
respectively. A mini module with an active area of 7.2 cm2 is also
fabricated on a 4 � 4 cm2 substrate, delivering a PCE of 16.3%.
The present strategy can be further extended to wide-bandgap
PSCs, and an efficiency of 20.2% has been achieved for Cs/FA-
based PSCs (Eg ¼ 1.73 eV), demonstrating the universality of
the present defect passivation strategy.

Results and discussion

To study the inuence of PA on the defects of perovskites, we
introduced a trace amount of PA molecules (0.01 mg mL�1) to
the Cs/FA-based perovskite precursor solution. The perovskite
thin lm is fabricated using a green anti-solvent processed spin-
coating method.18 The interaction between PA and lead ions in
the perovskite can be revealed by Fourier transform infrared
(FTIR) spectroscopy. Fig. S1, ESI† shows the FTIR spectra for PA,
perovskite and PA passivated perovskite samples. Three char-
acteristic functional groups were detected for PA alone and PA-
containing perovskites, namely:–SH, –COOH, and –NH2;19 this
indicated the successful incorporation of PA in the perovskite
lm. For the PA passivated perovskite sample, the peaks for –SH
(�2519 cm�1, �2613 cm�1) and –COOH (�1600 cm�1,
�1400 cm�1) functional groups shied to lower wavenumbers
in comparison with the neat PA (Fig. 1a).19,20 This is attributed to
the interaction between PA and Pb2+, where –C]O and –SHmay
synergistically donate their unpaired lone electron to the empty
orbitals of Pb2+. A similar case occurs in the DMSO/perovskite
system where the sulfonic group (–S]O) of the DMSO mole-
cule can strongly interact with Pb2+.21 Liquid-state 1H nuclear
magnetic resonance (NMR) spectroscopy was performed to
further evaluate the interaction between PA and PbI2. Fig. 1b
shows that a shi in the proton signal occurs for the PbI2-PA
solution in contrast to neat PA, particularly for the proton at the
a-site of the carboxyl group. This further conrms the existence
of a strong coordinating interaction between Pb2+ and –C]O
and –SH functional groups in PA.22 A similar conclusion can
again be reached from UV-Vis absorption spectra. As shown in
Fig. 1c, a signicant red shi of the absorption spectra and
a change in the color of the solution were observed for the PA-
PbI2 mixed solution compared to the pure PA and PbI2 solu-
tions, indicative of the interaction between PbI2 and the func-
tional groups in PA. Fig. S2, ESI† shows the X-ray photoelectron
spectroscopy (XPS) results for the perovskite lms with and
without PA (to vividly observe the presence of sulfur, 1 mg mL�1

PA was used). The characteristic peaks for S2� at approximately
164 eV (Fig. 1d) veried the presence of PA in the target lm.
The peaks at 142.6 and 137.7 eV were assigned to Pb2+, while the
two shoulders at 140.9 and 136.0 eV were ascribed to metallic Pb
(Pb0), resulting from uncoordinated Pb2+ defects (iodine
vacancy) produced during the thermal annealing process
(Fig. 1e). Those defects are identied as recombination centers
that can lead to a deterioration of the photovoltaic (PV)
performance of PSCs.23 The intensity ratio of Pb0/(Pb0 + Pb2+)
was found to be 5.2% for the control sample. However, the
intensity ratio signicantly reduced to 2.2% aer introducing
the PA functional molecule, indicating that this molecule can
effectively suppress the formation of Pb0 defects.23 Additionally,
Chem. Sci., 2021, 12, 2050–2059 | 2051
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Fig. 1 (a) FTIR spectra of PA and perovskite films without and with PA. (b) 1H-NMR spectra of PA and PA containing PbI2 solutions. (c) UV-vis
absorption spectra of PbI2 solutions without and with PA (inset: photographs of the corresponding solution). High resolution XPS spectra of S 2p
(d), Pb 4f (e) and I 3d (f) for the perovskite films without and with PA, respectively.

Fig. 2 Optimized geometry (a and c) and projected density of states (b
and d) of the surface (001) with two adjacent iodine vacancies and the
same surface with an adsorbed PA molecule, respectively. For better
visualization, we remove the A-site cations of corresponding struc-
tures, because the contributions of these cations in the band edge are
negligible. The under-coordinated Pb atoms are highlighted by the
blue solid balls. The inset (b) shows the charge density of the trap state
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the characteristic peaks of Pb2+ shied to a higher binding
energy aer the introduction of PA, which could be ascribed to
the increased interaction between the perovskite and PA
through a coordination reaction.24 A similar phenomenon was
observed for the I 3d peaks (Fig. 1f), attributable to the elec-
trostatic interaction between I (iodine) and –NH2 groups in PA
by hydrogen bonding.16b,25

To conrm the passivation mechanism of PA within the
perovskite, density functional theory (DFT) calculations were
employed.26 The band structure and projected density of states
(PDOS) for a perfect perovskite structure are shown in Fig. S3,
ESI.† It can be found that the valence band maximum (VBM)
and the conduction bandminimum (CBM) of the perovskite are
mainly composed of iodine orbitals and lead orbitals, respec-
tively, while the A-site cations make negligible contribution on
the band edges. When an iodine vacancy (VI) and an A-site
cation vacancy (such as VCs) are simultaneously introduced on
the outermost surface (Fig. S3, ESI†), no defect states were
created in the corresponding system. However, when two
adjacent VI are introduced simultaneously on the outermost
surface (Fig. 2a and b), the lattice structure near the defects
signicantly changed, forming a Pb–Pb dimer (3.35 Å). This
dimer conguration results in the formation of a relatively
deep, doubly occupied defect state below the CBM (0.68 eV).
Fortunately, when the PA molecule was introduced (Fig. 2c and
d), it not only effectively suppresses the formation of the Pb–Pb
dimer, but also saturates the dangling bonds of Pb at the
surface by coordination with the O and S groups in PA, resulting
2052 | Chem. Sci., 2021, 12, 2050–2059
in the elimination of the deep-level defect state. These results
indicate that the strong interactions between the perovskite and
PA molecule can effectively passivate vacancy defects (VI) within
the perovskite, which is benecial for improving device
performance.

To gain insight into the inuence of PA molecules on the
crystallinity of the perovskite, the as-prepared perovskite lms
with and without PA were subsequently investigated using X-ray
caused by the Pb–Pb dimer.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diffraction (XRD). All perovskite lms, containing different
amounts of PA, exhibited the same crystal structure and
hexagonal non-perovskite phases were not detected (Fig. S4a,
ESI†), indicative of the formation of a phase-pure photoactive
perovskite. With increase in the PA concentrations, the intensity
of the diffraction peak at the (110) plane gradually increased
and showed a maximum for the sample containing 0.01 mg
mL�1 PA (Fig. 3a and b). In the meantime, its corresponding full
width at half maximum gradually decreased and exhibited
a minimum for the perovskite lm with 0.01 mg mL�1 PA
(Fig. S4b, ESI†). These were attributed to an improvement in the
crystallinity of perovskite with the addition of PA. Moreover, the
intensity ratio of the diffraction peaks at (110)/(112) (located at
14.11� and 20.06�, respectively) also increased from 1.70 for the
control lm to 2.98 for the 0.01 mg mL�1 PA-passivated perov-
skite lm (Fig. 3b), demonstrating that the crystal growth
direction was preferred along the (110) facet. The (110) orien-
tation of the perovskite lm is conducive to hole transfer from
the perovskite to HTMs, owing to the increased electrostatic
potential and enhanced electronic cloud overlapping at the
interface.27 These results suggest that the presence of PA in the
precursor promoted the crystallization and orientation of the
perovskite lm. The surface morphologies of the perovskite
lms with and without 0.01 mg mL�1 PA were studied by
scanning electron microscopy (SEM). Fig. 3c and S5, ESI† show
that the control sample is fully covered by polycrystalline
perovskite and the average crystal size of the perovskite is
approximately 210 nm (Fig. S5, ESI†). Aer the introduction of
PA, the average crystal size is increased to 292 nm (Fig. 3d),
indicating that the crystal quality of the perovskite lm was
improved, in good agreement with the XRD results. The root-
Fig. 3 (a) Partially enlarged XRD patterns of the perovskite films with d
peaks at the (110), (112) planes and corresponding ratios derived from (a). S
in the precursor solutions. (e) Eu values for the control and 0.01 mg mL�

without and with 0.01 mg mL�1 PA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
mean-square (RMS) roughness was measured using atomic
force microscopy (AFM). The RMS decreased from 23.3 nm for
the control lm to 17.7 nm for the lm containing PA (Fig. S6,
ESI†). A smoother surface usually indicates a higher quality lm
in PSCs. In addition, all perovskite lms with and without PA
exhibit a bandgap of�1.56 eV and no signicant changes in the
absorption intensity were observed with variation in PA
concentration (Fig. S7, ESI†), suggesting that the presence of PA
doesn't inuence the intrinsic optical properties of the perov-
skite. The band tail width (Urbach energy, Eu) was reported to
depend on the charged defects at both the grain boundaries and
the surface in perovskites and it can be calculated from the UV-
Vis absorption spectra.28 As shown in Fig. 3e, the Eu values for
the pristine and PA-passivated perovskite lms were estimated
to be 24.4 and 18.9 meV, respectively. The decrease in the Eu is
indicative of the reduced disorder of shallow energy levels and
the increased electronic quality of the perovskite lm as a result
of passivated charged defects.29

Steady state photoluminescence (PL) and time-resolved PL
(TRPL) spectroscopies were employed to evaluate the charge-
carrier dynamics in the perovskite lms. The perovskite lm
containing PA exhibited stronger PL intensity than the control
lm (Fig. 3f), demonstrating that the quality of the perovskite
lm was signicantly improved with the addition of PA. TRPL
results (Fig. 3g) further conrm this conclusion. The TRPL
decay curves were tted with a bi-exponential function (eqn (1))
and the tted data are summarized in Table S2, ESI.†

f ðtÞ ¼ A1 exp

�
� t
s1

�
þ A2 exp

�
� t
s2

�
þ B (1)

where s1 is the fast decay process related to bimolecular
recombination, and s2 is the slow decay process associated with
ifferent PA concentrations in the precursor. (b) Intensity of diffraction
EM images of perovskite films without (c) and with 0.01mgmL�1 PA (d)
1 PA containing perovskite films. (f) PL and TRPL of the perovskite films

Chem. Sci., 2021, 12, 2050–2059 | 2053
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trap-assisted recombination.12 B is a constant for the baseline
offset. A1 and A2 are constants representing the contributions of
the fast and slow components, respectively.30 Notably, the PA
molecule primarily impacted the slow decay process and the
recombination time increased from 544.4 ns to 905.9 ns aer
introducing PA (Table S2, ESI†), suggesting that PA can effec-
tively passivate the trap-states in perovskite. The average PL
decay lifetime can be obtained using eqn (2):

save ¼
P

Aisi2P
Aisi

(2)

The average PL lifetime (save) for the control perovskite lm
was calculated to be 537 ns and was enhanced to 901 ns for the
PA-passivated perovskite lm, revealing the signicantly
improved lm quality.12 Improved PL lifetime correlates with
reduced non-radiative recombination, which is strongly related
to the VOC. Therefore, a higher VOC can be expected for the PA-
passivated perovskite device.

Planar normal structured perovskite devices with a simple
architecture (inset of Fig. 4a) consisting of FTO/c-TiO2/
perovskite/spiro-OMeTAD/Au were fabricated to evaluate the
impact of the PA passivator on the photovoltaic (PV) perfor-
mance, where FTO is uorine-doped tin oxide, spiro-OMeTAD is
2,20,7,70-tetrakis(N,N-dipmethoxyphenylamine)-9,90-spirobi-
uorene. The corresponding thicknesses of the compact TiO2,
perovskite layer and hole transporting layer (HTL) for a typical
device were determined to be �40 nm, �600 nm and �270 nm
from the cross-sectional SEM images (Fig. S8, ESI†), respec-
tively. The energy levels of the perovskite lms with and without
PA were measured using ultraviolet photoelectron spectroscopy
Fig. 4 (a) J–V curves of the champion devices based on the control an
sponding energy level alignment). (b) EQE curves and the correspondin
ciency of the device based on the PA containing perovskite around them
illumination. (d) Statistics of PV parameters (JSC, VOC, FF, and PCE) for th

2054 | Chem. Sci., 2021, 12, 2050–2059
(UPS) (Fig. S9, ESI†). The CBMs of the perovskites slightly
shied from �3.92 eV to �3.94 eV aer PA treatment (inset of
Fig. 4a). Moreover, DE, denoting the difference between the
Fermi-level and the CBM of the perovskite, gradually decreased
from 0.28 to 0.21 eV for the perovskites without and with PA,
respectively, indicative of the increased n-type behavior of the
PA-perovskite.31 The downshied energy levels and the reduced
DE are benecial for electron transfer. Fig. S10, ESI† shows the
statistical device performance with different PA concentrations.
As the concentration of PA increased, the average PCE of 40
individual devices increased from 20.2% for the control device
to 21.8% for the device containing 0.01 mg mL�1 PA. A further
increase in the concentration of PA resulted in lower device
efficiency. The decrease in the device performance was mainly
reected in the VOC and FF (Fig. S10, ESI†), which should be
ascribed to the changes in the crystal quality of perovskite lms.
These results are in good agreement with the XRD results
(Fig. 3a and b), suggesting that the preferred crystal orientation
and improved crystallinity of perovskite lm with PA treatment
could benet the charge transportation and device
performance.

Fig. 4a presents the J–V characteristics of the champion
devices with and without PA under standard AM 1.5 illumina-
tion (at 100 mW cm�2). The main PV parameters, including the
short circuit current density (JSC), VOC, FF, and PCE, are
summarized in Table 1. A PCE of 20.7%, JSC ¼ 23.72 mA cm�2,
VOC ¼ 1.116 V, and FF ¼ 78.17%, were obtained for the control
device. Notably, the optimized PA-passivated device delivered
a highly impressive PCE of 22.4%, with JSC ¼ 23.52 mA cm�2,
VOC ¼ 1.163 V, and FF ¼ 81.97%. Besides, the hysteretic index
(HI, dened as (PCERe-PCEFw)/PCERe) is reduced from 7.7% for
d PA containing perovskite (inset: the device structure and the corre-
g integrated photocurrent for both devices. (c) Stabilized output effi-
aximumoutput power point as a function of time under simulated 1 sun
e devices based on the control and PA containing perovskites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The key photovoltaic parameters of the PSCs without and with PA

Perovskites Scan direction VOC (V) JSC (mA cm�2) FF (%) PCE (%) HI (%)

Control Reverse 1.116 23.72 78.17 20.7 7.7
Forward 1.072 23.70 75.25 19.1

With PA Reverse 1.163 23.54 81.97 22.4 5.8
Forward 1.139 23.52 78.78 21.1

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 2
:2

8:
09

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the control sample to 5.8% for the PA-passivated device
(Fig. S11, ESI† and Table 1). Considering that the bandgap of
the perovskite employed in this study was �1.56 eV (Fig. S7,
ESI†), the VOC decit for the champion device was only 0.40 V,
which was comparable to the values observed in silicon solar
cells (0.38 V);32 this result indicated one of the lowest reported
values for MA-free PSCs.

The integrated photocurrent densities obtained from the
external quantum efficiency (EQE) spectra were calculated to be
23.15 and 23.03 mA cm�2 for the control and PA-passivated
devices, respectively (Fig. 4b), both of which are comparable
to the values extracted from the J–V curves. To accurately eval-
uate the real output performance of the devices, the steady-state
output efficiency was measured around the maximum power
point voltage (Vmpp). As shown in Fig. 4c and S12, ESI,† the PA-
passivated device stabilized at 21.7% (Vmpp ¼ 0.96 V), whereas
the control device yielded an output efficiency of 20.1% (Vmpp ¼
0.92 V). These results demonstrate the advantages of PA
passivation in achieving PSCs with both high efficiency and
super high VOC. To conrm the reliability of our method, 40
individual cells for the control and passivated devices were
fabricated and the detailed parameters (VOC, JSC, FF, and PCE)
are displayed in Fig. 4d. Evidently, all the key parameters of the
PA-passivated device show similar values withminor deviations,
conrming the excellent batch-to-batch reproducibility.
Fig. 5 (a) Dark I–V curves for the electron-only devices based on the co
vs. light intensity for the devices without and with PA. (d) Mott–Schottk
based on control and PA containing perovskite film. (f) The slopes of the n
containing devices.

© 2021 The Author(s). Published by the Royal Society of Chemistry
To understand the improvement in the PV performance, the
space-charge-limited current (SCLC) method was employed to
examine the defect states in the perovskite layer with and
without PA. The trap density, nt, can be determined using
eqn (3).33

VTFL ¼ entL
2

2330
(3)

where VTFL is the trap-lled limit voltage, nt is the trap density, L
is the thickness of perovskite lm, 3 is the relative dielectric
constant of the perovskite, and 30 is the vacuum permittivity.
Fig. 5a shows the corresponding current–voltage (I–V) curves
measured for electron-only and hole-injecting devices (Fig. S13,
ESI†), respectively. The density of electron traps decreased from
2.75 � 1015 cm�3 for the control sample to 1.52 � 1015 cm�3 for
the PA passivated device. Correspondingly, the density of hole
traps was reduced from 6.61 � 1014 cm�3 for the control device
to 4.64 � 1014 cm�3 for the latter one (Fig. S13, ESI†). The
signicantly reduced trap density should be attributed to the
improved crystallinity, agreeing well with the TRPL results. The
VOC of a solar cell is reported to be strongly related to trap-
assisted (non-radiative) recombination in the bulk and on the
surface of the absorber layer.34 The higher VOC (1.163 V) for the
PA passivated PSCs should be attributed to the decreased trap
states subject to the PA modication.
ntrol and PA containing perovskite. (b) JSC vs. light intensity and (c) VOC

y fitting to the capacitance–voltage (C�2–V) plots and (e) EIS of PSCs
ormalized J–V curves at each voltage for the champion control and PA

Chem. Sci., 2021, 12, 2050–2059 | 2055
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To further understand the recombination mechanism in the
devices, the J–V curves under different light intensities were
studied for both devices. Fig. 5b shows the power-law depen-
dence of JSC on the incident light intensity (0.1 sun # light
intensity # 1 sun). For a solar cell with no space charge effect,
the slope of the tted line should be close to unity because of
the small difference between the mobility of holes and elec-
trons. The control device displays a slope of 0.98, while the PA
containing device presents a slope of 0.99, indicating that the
space charge effect is negligible for both devices and the
predominant recombination mechanism is trap-assisted
recombination.35 Fig. 5c shows the relationship between light
intensity and VOC.36 The deviation of the ideality factor (n) from
unity is reported to be caused by non-radiative recombination
in solar cells. The value of n was calculated to be 2.03 for the
control device, and reduced to 1.50 for the PA-containing
device. These results indicate that the trap-assisted non-
radiative recombination process was effectively suppressed by
PA molecules,37 in good agreement with the results of the SCLC
method. To better understand the enhancement of the VOC,
Mott–Schottky (M–S) analysis was performed (Fig. 5d).3a The
built-in potential (Vbi) can be extracted from the capacitance–
voltage (C�2–V) plots. The Vbi for the control device was
Fig. 6 (a) J–V curves of themini perovskite solar modules (inset: photogr
based on the control and PA containing perovskite. (c) Long-term stab
perovskite stored in the dark under ambient air conditions with �35%
containing PSCs at short circuit under �1 sun illumination (white light LE
10 s. (e) Normalized efficiencies of the control and PA containing PSCs

2056 | Chem. Sci., 2021, 12, 2050–2059
determined to be 0.88 V, increasing to 0.99 V for the PA-
passivated device. The signicantly improved Vbi implies an
enhanced driving force for the separation of photogenerated
carriers, which is favorable for achieving a higher VOC. There-
fore the increase in Vbi is another reason for the improvement of
the VOC.

Electrochemical impedance spectroscopy (EIS) was
employed to study the interfacial carrier transfer and transport
kinetics. Fig. 5e shows the Nyquist plots of the control and PA-
passivated devices at 0 V applied bias voltages in the dark. The
Nyquist plots can be divided into two different parts: the arcs
present in the high-frequency region are related to the charge-
transport resistance (Rtr) and the incomplete semicircles
present in the low frequency region represent the recombina-
tion resistance (Rrec) of PSCs.37 The corresponding values of Rtr

and Rrec were tted using the Z-view soware with the given
equivalent circuit (Fig. 5e) and are summarized in Table S3,
ESI.† A lower Rtr and a higher Rrec were obtained for the device
containing PA compared with the control one, indicative of
a faster charge-carrier transfer and a lower recombination rate
for the PA-passivated device, in good agreement with the
aforementioned characterization results. The impact of PA
molecules on the charge collection within the cells can be
aphs of themini modules) and (b) the wide-bandgap Cs/FA-based PSCs
ility of the unsealed devices based on the control and PA containing
relative humidity. (d) Continuous light soaking of the control and PA
D) in a N2-filled glovebox, the data were automatically collected every
under continuously heating at 85 �C in a N2-filled glove box.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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experimentally veried from the normalized J–V curves
(Fig. S14, ESI†). Fig. 5f shows the slope of the J–V curves as
a function of the applied voltage.38 The PA-passivated device
exhibits a charge collection efficiency of 13.2 at open circuit,
which is higher than that of the control one (11.5). These results
indicate that highly efficient charge collection can be expected
for the PA containing device, leading to higher VOC and FF
values.38a In other words, the improvement in the PV perfor-
mance of the passivated device is attributed to the improved
crystallinity, increased charge transfer, enhanced collection
efficiency, and reduced non-radiative recombination.

To assess the large-area compatibility and effectiveness of
our strategy on the laboratory scale, a mini perovskite solar
module was fabricated on a 4 � 4 cm2 FTO substrate. As shown
in Fig. 6a, each module contained three single cells connected
in series with a total active area of 7.2 cm2 (the detailed fabri-
cation process and the module structure are shown in Fig. S15
and S16, ESI†). The control module, based on the pristine
perovskite, presented a PCE of 13.9% with JSC ¼ 7.59 mA cm�2,
VOC ¼ 3.132 V, and FF ¼ 58.41%. Aer the introduction of PA,
a PCE of 16.3%, JSC ¼ 7.63 mA cm�2, VOC ¼ 3.222 V, and FF ¼
66.19% were achieved for the optimized module. The
improvement in the device efficiency is reected in the VOC and
FF values, following the same trend with the small-area PSCs
discussed above. To further verify its universality, the present
defect passivation strategy was applied to a wide-bandgap
perovskite. The control device, using Cs0.15FA0.85Pb(I0.7Br0.3)3
(Eg ¼ 1.73 eV) as the light absorber, delivered a PCE of 18.7%
(Fig. 6b), whereas the PCE and VOC signicantly improved to
20.2% and 1.242 V, respectively, for the PA-passivated device.
This value is among the highest efficiencies reported for hybrid
wide-bandgap PSCs,29,39 thereby showing great promise for use
as a top-cell in tandem solar cells.40

Finally, we evaluated the stability of both devices under
ambient air conditions at room temperature and 35% relative
humidity. Fig. 6c and Table S4, ESI† show the main parameters
for the control and PA-passivated devices without encapsula-
tion. More than 95% of its original efficiency (22.02%) was ob-
tained for the PA-passivated device aer one year of storage,
demonstrating the excellent ambient stability of the device. We
subsequently investigated the operational stability of the
unencapsulated devices. As shown in Fig. 6d, the PA containing
device retained over 88% of its original efficiency aer 260 h of
continuous MPP tracking under �1 sun illumination (white
light LED, N2 lled glovebox, �30 �C), whereas the control
device retains only 73% of its initial PCE aer 150 h under
identical conditions. To further evaluate the thermal stabilities
of the devices, the unstable spiro-OMeTAD was replaced with
PTAA (poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]).1e,23,41

As shown in Fig. 6e, the PA-passivated device, without encap-
sulation, retained over 82% of its initial efficiency aer 1200 h
of thermal aging at 85 �C (N2 lled glovebox). These results
demonstrate that the present Cs/FA-based PSCs with the PA
passivator exhibited excellent long-term operational stability,
and the improved stability of the PSCs is attributed to the
improved crystal quality and reduced defects in the perovskite
lm aer PA passivation.5,14
© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, we have developed a facile regulation strategy that
simultaneously improves crystallinity and passivates the defects
in Cs/FA perovskites, resulting in improved efficiencies and
stabilities of the resultant PSCs. The formation of a deep-level
defect state derived from the iodine vacancy defects was effec-
tively suppressed as a result of the strong coordination between
the functional groups (–SH and –COOH) in the PA molecule and
uncoordinated Pb2+ present in the perovskite. As such, non-
radiative recombination within the perovskite lm was signi-
cantly reduced. Furthermore, the crystallization process and
crystal quality were improved because of the presence of PA. The
improved crystallinity, with suppressed non-radiative recombi-
nation, led to a high VOC of 1.163 V (with a voltage decit of 0.4
V), a remarkable FF of 82%, and a champion PCE of 22.4%
along with a steady-state output efficiency of 21.7%. Addition-
ally, the unencapsulated devices containing PA exhibited
excellent ambient, operational, and thermal stabilities. Finally,
the present strategy was further extended to both a mini solar
module (4 � 4 cm2 substrate) and a wide-bandgap (�1.73 eV)
perovskite system with impressive performance. Our ndings
demonstrate that rational defect mitigation is an effective
method to produce highly stable and efficient PSCs.
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